ABSTRACT Close formation flying with rotation would extend the flight range of unmanned aerial vehicle (UAV) swarms. Unfortunately, some complex conditions, such as the non-uniform fuel configuration, irregular formations, and individual accidents, would pose great challenges to the conventional cyclical formation rotation method. Inspired by the direct reciprocity mechanism observed in the migrant birds that the amount of time a bird spends following another is proportional to the duration in turn, this paper proposes a novel approach to address the challenge. First, a leader-follower reciprocation model is constructed, in which each individual will follow identic rules to accept followers and switch among following, leading, and accelerating modes. On such a basis, a distributed formation rotation algorithm is presented to coordinate the UAV swarms to fly in a changing and compact line formation to increase the swarm range under the above-mentioned complex conditions. Numerical simulations are carried out to show the feasibility, validity, and superiority of the algorithm.
I. INTRODUCTION
The cyber-physical system (CPS) is a system of physical and software components integrated and coordinated tightly by the computation, communication and control technology [1] , [2] . The future unmanned aerial vehicle (UAV), as a typical cyber-physical system (CPS), will possess distributed autonomous airborne abilities to independently complete a four-step loop: observe, orient, decide and act (OODA) [3] , [4] . The improvement of distributed airborne abilities will trigger changes in future combat modes: Long distance fighting is realized by refueling in the conventional monolithic approach, whereas in the distributed approach, a swarm of small UAVs will be air launched by a host, execute distributed warfare missions and could be recovered by the host [5] . However, the small platform range problem is urgent because it is incapable in most cases for the host of approaching the mission area to reduce the possible battle damage.
Regardless of the new energy, the range problem has been partially solved by close formations and formation rotation. The close formation is inspired by the line formation of migrant birds. Weimerskirch et al. [6] discovered that following birds will fly in the up-wash region of their respective preceding birds to decrease energy expenditure in long distance migrations. Portugal et al. [7] discovered that a phasing strategy is also adopted by following birds to further utilize the dynamic vortices produced by flapping wings of preceding birds. For UAVs, close formations, in which like migrant birds, wing UAVs maintain an optimal wingtip spacing with their respective leaders, result in significant fuel savings [8] - [10] . However, the basic close formation does not translate to extend the range of an entire UAV formation. Without formation rotation, the remaining fuel quantity of the leading UAV, a UAV without leaders in a UAV formation, will restrict the range of the whole UAV formation. Wagner et al. proposed a formation rotation method that the leading UAV is rotated after consuming a certain amount of fuel [11] . The conventional cyclical formation rotation method is a simple but valid solution, whereas it will plunge in a dilemma in face of different initial fuel configurations, complex formation shapes and dropped UAVs.
The inspiration to solve the dilemma conventional methods plunge in is also on the table of some researchers who focus on the migration mechanism of migrant birds. By monitoring flight behavior of a migrant bird flock in a human-guided migration, Voelkl et al. [12] discovered that the amount of time a bird spends flying in the wake of another bird is highly correlated with the amount of time the latter spends flying in the wake of the former. The correlation of following time on a pairwise level provides evidences for a cooperation mechanism that migrant birds might adopt a direct leaderfollower reciprocation strategy during long distance migrations to increase survival chances for each bird in a flock.
In this paper, a leader-follower reciprocation model is proposed based on the direct reciprocity mechanism of migrant birds. In the model, each bird in a flock adopts three behavior modes: following mode, leading mode and accelerating mode. In the following mode, individuals will follow the nearest preceding bird. In the leading mode, individuals will fly in a certain state. In the accelerating mode, individuals will attempt to overtake the previous leader in following mode. The core of the proposed model is how to switch among the three behavior modes and form a compact formation based on local information. The mode switch is realized based on two principles: One is that the headmost bird in the motion direction of the flock is the general leader of the flock and will behave in leading mode, another is that the amount of time a bird spends in leading and accelerating modes is not less than their respective leaders'. The compact formation is also formed based on two principles: One is that a bird, which flies on the left side of its leader, is not allowed to be the leader of another bird which will fly on the right side of the bird, another is that a bird is not allowed to be a leader when other birds are still allowed to be the follower of its leader.
Owing to the similarity between bird flocks and UAV swarms in mission requirements, the proposed leaderfollower reciprocation model of migrant birds is applied to the control field to coordinate a UAV swarm to fly in a compact close formation with formation rotation to extend the flight range of the whole UAV swarm. Compared with loose formations, the additional aerodynamic forces caused by the leader vortex is taken into account in the wing UAV close formation model. The proposed UAV distributed formation rotation control algorithm could be conducted based on airborne information and interaction information from corresponding leaders. As a result, the algorithm is independent of fuel configurations, integral formation shapes and dropped UAVs.
The rest of the paper is organized as follows. Section II models the leader-follower reciprocation mechanism of migrant birds. Section III depicts the UAV close formation model modified by the additional aerodynamic interactions from the leader vortex. Section IV proposes a distributed formation rotation control algorithm for a UAV swarm based on the migrant bird leader-follower reciprocation model in Section II. Simulation validations are elaborated in Section V, and our concluding remarks are drawn in Section VI.
II. LEADER-FOLLOWER RECIPROCATION MODEL OF MIGRANT BIRDS
Consider a flock of N migrant birds flying in a three dimensional Euclidean space, and each bird i has a position 
The real-time perception and decision-making of each bird are accomplished independently. In this paper, the perception range S i of bird i is unbounded in the vertical direction. Assume that the angle of horizontal field of each bird is 180 • . The valid perception range shown as the grid area in Fig. 1 contains all positions P j subject to that X j > X i , or Y j > Y i when X j = X i . Based on the interaction information from birds within the perception range, the decision of each bird complies with the three behavior modes in Fig. 1 : following mode, leading mode and accelerating mode.
A. FOLLOWING MODE
Most of the time, birds are in following mode where bird i will follow the nearest available bird within the perception range S i . As shown in Fig. 2 
where f s > 1 is the scaling factor for OY axis of the earthsurface inertial reference frame. The greater f s is, the stronger the tendency for following the available bird right ahead is. If except bird j there is no available bird j subject to that P j ∈ S i and R ij < R ij , the leader Ind i leader of bird i is j. If Ind i leader = j, bird i will attempt to put bird j on an expected position in Fig. 1 
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B. LEADING MODE
If there is no birds in the perception range S i of bird i, bird i will switch to leading mode and the index Num L of the general leader of the flock is i. In the mode, other birds will have no effect on the motion of bird i, and it will fly with an expected horizontal velocity V exp and an expected horizontal velocity direction ψ exp at an expected altitude h exp .
The identifier Flag
Num L left of bird Num L is 0, and the bird will also update its following position identifiers based on the left following identifiers of its followers. Once other birds appear in the perception range S Num L of bird Num L , bird Num L will switch to following mode.
C. ACCELERATING MODE
Each bird has a memory, and will record its own independent flight time T i ind. in which bird i is in leading mode or accelerating mode. If the independent flight time of bird i is longer than its leader (i.e. ) when the time is t, it will switch to accelerating mode and switching time T i swit is set to be t. In this mode, other birds will have no effect on the motion of bird i, and it will fly at a high horizontal velocity V acc. in the expected horizontal velocity direction ψ exp at the expected altitude h exp where V acc. > V exp . In order to reduce unnecessary changes of leader-follower relationship, bird i will keep locking its following position VOLUME 6, 2018 ) ), it will withdraw from accelerating mode. At this time, if there is no birds within the perception range S i , bird i will switch to leading mode, otherwise to following mode.
III. UNMANNED AERIAL VEHICLE CLOSE FORMATION MODEL A. LEADING UNMANNED AERIAL VEHICLE MODEL
In this paper, the complete leading UAV model is composed of a first order Mach-hold autopilot, a first order heading-hold autopilot and a second order altitude-hold autopilot models. The model of UAV i is as the following equations [13] , [14] :
where V i C , ψ i C and h i C are the control inputs of UAV i's Mach-hold autopilot, heading-hold autopilot and altitudehold autopilot respectively, and τ V , τ ψ and (τ a , τ b ) are the time constants of the three autopilots respectively. The saturation values of the three autopilots are as follows: a min ≤ V i ≤ a max , r min ≤ψ i ≤ r max and ζ min ≤ ζ i ≤ ζ max , where a max , r max and ζ max are the upper limits of the acceleration, turn rate and altitude rate respectively, and a min , r min and ζ min are the lower limits. The constraints of the UAV motion are as follows: h min ≤ h i ≤ h max , V min ≤ V i ≤ V max and ψ min ≤ ψ i ≤ ψ max , where h max , V max and ψ max are the upper limits of the altitude, horizontal airspeed and yaw angle respectively, and h min , V min and ψ min are the lower limits.
B. WING UNMANNED AERIAL VEHICLE MODEL
In close formation flight, the leader's vortex will create the upwash and sidewash on the wing UAV. The additional aerodynamic forces will cause a perturbation in UAV Ind i leader 's position relative to wing UAV i. The resulting wing UAV model is as the following equations [13] , [14] : 
where ζ i is the relative height rate,q is the average dynamic pressure, S is the wing area, m is the gross mass, and C D Wy , C Y Wy , C Y Wz and C L Wy are the stability derivatives for the change in drag, side and lift force coefficients respectively.
IV. UNMANNED AERIAL VEHICLE DISTRIBUTED FORMATION ROTATION ALGORITHM BASED ON LEADER-FOLLOWER RECIPROCATION MODEL OF MIGRANT BIRDS
The migrant bird leader-follower reciprocation model established in Section II is available to be applied to the distributed formation rotation control for a UAV swarm by treating each UAV as a bird. In general, the UAV in the forefront of a UAV swarm will be the general leader of the swarm, and will fly in a given state. Each other UAV in the swarm will regard the nearest UAV in front as its leader and attempt to follow the leader. Except the general leader, each UAV will compare its remaining fuel quantity, rather than the independent flight time compared in the migrant bird leaderfollower reciprocation model, with its leader. Once a follower found that its remaining fuel quantity is greater than its leaders', the follower will switch to accelerating mode to make itself become the next possible leader of its current leader. The accelerating mode, which ensures that the remaining fuel quantity of the general leader is not the least in the swarm, will extend the flight time of the whole swarm.
As shown in Fig. 3 , the proposed UAV distributed formation rotation control algorithm based on the migrant bird leader-follower reciprocation model is implemented as the following specific steps:
Step 1 Initialization: The initial states of N UAVs in a UAV swarm, including the position ind. of each UAV is also set to be 0. Current simulation time t = 0, simulation running counter n = 1, and reciprocation counter Count 1 = 1.
Step 2: i = 1.
Step 3 Dropping judgement: If Fuel i ≤ 0, Flag i drop = 1, and then go to Step 11.
Step 4 Leading mode judgement: If and only if UAV j subject to that P j ∈ S i is impossible, the index of the general leader of the UAV swarm 
where ts is the sampling time, Rate 1 fuel is the fuel rate of a UAV for independent flight, and s is the fuel saving rate of close formation. Step 7 
where n = n, update the following position identifier of UAV i by the following equation:
where Count 
Calculate Flag i left by the following equation:
Then calculate the expected forward and lateral positions by the following equations:
Step 9 (3) and (4) , and then go to Step 11.
by (3) and (4) , and then go to Step 11. If i = Num L (n) and Flag i mode (n) = 0, calculate the autopilot control inputs by the flowing equation:
where
are the PID control parameters in the x, y and z channel respectively and e x , e y and e z are the generalized error signals of the three channels and can be calculated by the following equation:
where k x , k V , k y , k ψ and k z are the control gains of the forward error, Mach error, lateral error, heading error and altitude error respectively. Then calculate the UAV state (5)- (7), where ζ i =ḣ i .
Step 11: If i = N , go to Step 12, otherwise i = i + 1, and then go to Step 3.
Step 12: If t < T max , t = t + ts, n = n + 1, and then go to
Step 2, where T max is the maximum simulation time.
Step 13: Output the states of N UAVs.
V. SIMULATION RESULTS
To validate the feasibility, effectiveness and superiority of the proposed UAV distributed formation rotation control algorithm, 10 UAVs in a swarm are disposed to fly in a compact formation in Fig. 2(a) and reconfigure the formation to extend the flight time of the whole swarm.
The initial horizontal positions and fuel quantities of the UAVs are shown in Table 1 . Other initial states of the UAVs are as follows: The altitude h i = 120m, horizontal airspeed V i = 42m, yaw angle ψ i = 0 • and altitude rate ζ i = 0m/s. Part of the UAV close formation model parameters given in Table 2 referenced the parameters in [15] . The scaling factor f s in (2) is 5. The UAV PID control 92m,1.54m) ). In leading mode, the expected horizontal velocity V exp = 42m/s, the expected horizontal velocity direction ψ exp = 0 • , and the expected altitude h exp = 120m. In accelerating mode, the high horizontal velocity V acc. = 50m/s. The maximum simulation time T max = 90s and sampling time ts = 0.01s.
The simulation is conducted according to the specific process of the proposed UAV distributed formation rotation control algorithm based on the migrant bird leader-follower reciprocation mechanism in Section III.
Figs. 4-6 depict the detailed results of the 10 UAV distributed close formation rotation flight when t = 0s-30s, t = 30s-60s and t = 60s-90s respectively, in which (a)-(e) describe three-dimensional formation trajectories, altitudes, horizontal velocities, yaw angles and altitude rates of the UAVs respectively. The insets in Fig. 4(a) are the enlarged snapshots of the top view of the UAVs at 0s, 10s, 20s and 30s respectively, the insets in Fig. 5(a) are at 40s, 50s and 60s respectively, and the insets in Fig. 6(a) are at 70s, 80s and 90s respectively.
TABLE 3. UAV fuel quantities (kg).
As shown in Fig. 4 , in the beginning of the simulation, the UAV swarm are able to fly in a stable line close formation, and the UAV states, including the altitudes, horizontal velocities, yaw angles and altitude rates, converge to the corresponding states of the general leader after fluctuations within the allowable range before t = 5s. Based on the remaining fuel quantities in Table 3 and the corresponding leaders of the UAVs in Fig. 7 , UAVs 3-5 and 10, UAVs 3 and 5, UAV 4, UAVs 3, 5 and 8, UAVs 4 and 8, UAVs 4 and 10, and UAV 5 will switch to accelerating mode at 10s, 20s and 30s, 40s, 50s, 60s, 70s and 80s respectively. In Fig. 7 , the blanks represent that the UAV is dropped, in leading mode, accelerating mode or following a specific UAV briefly, where a brief following means that a single following time is less than 1s. As shown in Fig. 4(a) , Fig. 5(a) and Fig. 6(a) , the UAV swarm are able to reconfigure the formation before the next reciprocation under the condition VOLUME 6, 2018 that the UAVs in accelerating mode will attempt to overtake the corresponding previous leaders. As shown (b)-(e) in Figs. 4-6 , the UAV states, including the altitudes, horizontal velocities, yaw angles and altitude rates, could still converge after fluctuations within the allowable range before the next reciprocation. Compared to the Mach-hold autopilot and altitude-hold autopilot, the heading-hold autopilot exhibits a good performance that the convergence time of the UAV yaw angles is always shorter than the convergence time of the horizontal velocities and the convergence time of the altitudes. As shown in Table 3 , if the UAV swarm, in the formation as the snapshot at 10s in Fig. 4(a) , adopts the conventional clockwise or anticlockwise reciprocation methods, the flight time of the whole UAV swarm is 70s. However, the flight time of the whole UAV swarm is extended to 80s by the proposed UAV distributed formation rotation control algorithm based on the migrant bird leader-follower reciprocation mechanism. Moreover, the remaining UAVs are able to form a stable formation as shown in Fig. 6(a) , and the UAV states, including the altitudes, horizontal velocities, yaw angles and altitude rates, could still converge after fluctuations within the allowable range within 6s. To validate that the proposed UAV distributed formation rotation control algorithm satisfies the essential feature of the migrant bird leader-follower reciprocation mechanism, some necessary changes have been made before conducting simulations based on the steps in Section III. Firstly, leave out the dropping judgement. Next, the accelerating mode judgement is based on the independent flight time T i ind. rather than the remaining fuel quantity Fuel i . As a result, the modified Step 3 and Sep 5 are as follows:
Step 3: Flag i drop = 0. Fig. 8(a) . After t = 266.13s, the correlation coefficient r is always greater than 0.3, which means that the time bird i spends in the wake of bird j is correlated with the time bird j spends in the wake of bird i at medium degree. At t = 665.54s, the correlation coefficient r is 0.471 and reaches maximum. The percentages of time flying in the wake of a specific bird when r = r max is shown as Fig. 8(b) in which the color shade represents the percentage value size. Fig. 8(b) is roughly symmetric about T _wake i i , which further reinforces that the proposed UAV distributed formation rotation control algorithm has the characteristic of migrant bird direct reciprocity mechanism.
To sum up, the proposed distributed formation rotation control algorithm satisfies the essential feature of the migrant bird leader-follower reciprocation mechanism that the time bird i spends in the wake of bird j is correlated with the time bird j spends in the wake of bird i. Based on the proposed algorithm, a UAV swarm, even with dropped UAVs, are capable to coordinate themselves to form a compact formation and reconfigure the formation by leader-follower reciprocations, and the flight time of the whole UAV swarm is longer than using conventional reciprocations.
VI. CONCLUSION
In a close formation, the fuel saving of wing UAVs does not translate to increase the range of the whole formation, unless the general leader of the formation is rotated. The conventional cyclical formation rotation method is unfair for UAVs with low amount of initial fuel, and is ineffective for formations with irregular shapes or dropped UAVs. The proposed UAV formation rotation algorithm based on the migrant bird mechanism in this paper, a distributed control algorithm which only depends on local information, could avoid the problem of the conventional cyclical formation rotation method in complex conditions.
Simulations verified the consistency of the proposed algorithm with the essential feature of the migrant bird leader-follower reciprocation mechanism, and the feasibility, validity and superiority of the algorithm under complex conditions. However, some deficiencies also exist in this paper: The calculation of remaining fuel is rough, and the degree of pairwise following time correlation in simulation is slightly less than the real migrant bird data. In addition, plenty of work exist on the road against the present research results' practical application, such as a great number of tests on various non-ideal conditions. In the future, we will focus on the improvement of the migrant bird mechanism model and the outdoor validation on UAV platforms. 
